In this work the corrosion resistance of a high content nickel alloy, Inconel 600, was investigated in mixed NaCl-KCl salts at 700, 800, and 900
Introduction
Problems with process equipment resulting from fireside corrosion have been frequently encountered in waste incinerators and biomass-fired boilers. The major problem is the complex nature of the feed (waste) as well as corrosive impurities which form low-melting point compounds with heavy and alkali metal chlorides which prevent the formation of protective oxide scales and then cause an accelerated degradation of metallic elements [1] . Corrosion occurs on the water wall tubes in the radiant zone, the passes, the screen, evaporator tubes, and super heater tubes. Heat-resistant alloys survive high temperature exposure by growing protective oxide scales. This process involves the selective oxidation of an alloy constituent and necessarily leads to a change in alloy compositions in the subsurface regions. The hot corrosion of alloys is a complex process that typically involves both scale formation and subsurface degradation, including internal precipitation, void formation, phase formation, and phase dissolution [2] . It has been shown that Cr in a molten chloride environment is not an effective element for corrosion resistance improvement of Fe-based alloys due to chloride salt attack [3] [4] [5] [6] [7] [8] . However, on the other hand it has also been suggested that the NiCr-based alloys show better performance than Fe-base alloys. This combined effect has been established in other studies [9] [10] [11] [12] [13] [14] . This work2 Advances in Materials Science and Engineering water and finally with acetone. For electrical connection, specimens were spot-welded to a Ni20Cr wire. Ceramic tubes were used for isolating the electrical wire from the molten salt; the gap between the ceramic tube and electrical connection wire was filled with refractory cement. Specimen size, surface preparation, and corrosive mixtures were the same for all electrochemical tests. The NaCl-KCl corrosion mixture was prepared with analytical grade reagents. Dried chloride salts were first weighted in a 1 : 1 mole ratio and then subjected to a mechanical milling in an agate mortar to obtain well-mixed reagents. This mixture has a eutectic temperature of 659 ∘ C [15] . Test temperatures were 700, 800, and 900 ∘ C. A 50 mL alumina crucible was used for containing the corrosive mixture and placed inside an electrical furnace. When the test temperature was stabilized, the three electrochemical cell electrodes were introduced inside the molten salt. In all experiments, the atmosphere above the melt was static air. Platinum wire (1 mm diameter) was used as counterelectrode and reference electrodes.
Electrochemical measurements carried out were polarization curves ( corr versus corr ), corrosion potential ( corr ), linear polarization resistance (LPR), and electrochemical spectroscopy impedance (EIS). In LPR technique, a potential polarization of ±20 mV was applied and the variation in current intensity associated with that polarization was measured hourly up to a total of 100 hours. Tafel slopes ( , ) were obtained from the active regions of the corresponding anodic and cathodic curves by scanning the potential from −400 to 1500 mV applying a scanning rate of 1 mV/s. For EIS measurements amplitude of input sine wave of ±10 mV and frequencies from 10,000 Hz to 0.01 Hz were used. Electrochemical tests were carried out using an ACM instruments zero-resistance ammeter (ZRA) coupled to a personal computer.
After testing, corroded specimens were mounted in thermosetting resin and polished. The specimen cross-section was analyzed by SEM to investigate the morphology and distribution of reaction products. X-ray mapping and microprobe analysis were carried out using an X-ray energy dispersive (EDX) analyzer associated with a Zeiss DSM960 scanning electron microscope. Figure 1 shows the potentiodynamic polarization curves for Inconel 600 evaluated in NaCl-KCl at different test temperatures. At 700 ∘ C it is observed that the more anodic behavior ( corr = −992 mV), the highest corrosion resistance ( corr = 0.115 mA/cm 2 ). At 800 ∘ C and 900 ∘ C corr values were 0.500 and 0.730 mA/cm 2 , respectively. In general, the curves trends show an active corrosion behavior where the test temperature affects both the corrosion potential and corrosion rate. corr became more active and corr was increased as temperature augmented. Anodic branches did not show a passive zone around corr values. However, it should be noted that this behavior corresponds to the beginning of the corrosion process. This trend may change in long-term exposures because either the corrosion process can induce changes in the chemistry of the Table 1 . Figure 2 shows progress of corr with testing time. One simple way to study the film formation and passivation of materials immersed in molten salts is by monitoring corr as a function of time. A rise of potential in the positive direction indicates formation of a passive film and a steady potential indicates that the film remains intact and protective. A drop of potential in the negative direction indicates breaks in the film, dissolution of the film, or no film formation [16] . The test temperature significantly affects corr and alloy behavior. Usually an increase in temperature increases the aggressiveness of the molten salts and corrosion resistance will depend on the protective capability of the oxides formed on the alloys. It is observed that, with increasing temperature, corr values of Inconel 600 become more active. At 700 ∘ C, corr values increased continuously until the end of the test. This behavior indicates that Inconel 600 experienced a continuous corrosion process and it was not able to form a passive layer that protected it from the action of molten salts. At 800 ∘ C, corr values showed a continuous increase, and then an abrupt decrease is observed at 50 hours (around 300 mV), and after that, there was a slight increase until the end of the test. The initial behavior can be associated with the dissolution of protective oxide layers due to the action of molten salts, and then there is possibly a change in the mechanism of corrosion of the alloy. At 900 ∘ C in the first 5 hours of testing, there is a sharp increase of corr and then it slightly increases until 20 hours; finally, a steady decline is observed until the end of test. This indicates a strong initial attack of the material and a subsequent attempt to form a protective oxide.
Results and Discussion

Electrochemical Measurements.
Progress of corr obtained by linear polarization measurements over time is given in Figure 3 . It is known that once polarization resistance is determined, calculation of corr requires knowledge of the Tafel constants. These constants can be determined from experimental polarization curves. In the absence of Tafel values, an approximation is sometimes used and the expected error in the calculated value of corr should be less than a factor of two [17] . However, when the results show polarization resistance values within the same order of magnitude, it is necessary to use more precise values of the Tafel slopes in order to perform a reliable analysis of the results [18] . Therefore, the values shown in Figure 2 were obtained from the polarization resistance measurements using Stern-Geary equation [17] :
where and values were those reported in Table 1 .
The corr values trends are consistent with the measurements of corr (Figure 2 ). At 700 ∘ C, Inconel 600 showed an almost constant corr around 1.0 mA/cm 2 . However, at 800 ∘ C and 900 ∘ C corr values increased as time elapses. This behavior indicates a continuous corrosion process where the material was not able to form a passive layer that protects it from the action of molten salts. At 800 ∘ C, in the first 44 hours a similar behavior to that shown at 700 ∘ C is observed; however, after that a sudden increase in the corr value was observed, increasing steadily until the end of the test. The sudden increase in the corr value can be due to a change in the mechanism of corrosion because the alloy was not able to grow a passive layer on its surface. This can occur when the dissolution-regeneration process of the passive layer modifies the chemical composition of the alloy surface. At 900 ∘ C, in the first 4 hours of testing there is an abrupt increase in corr values (from 2.2 to 7.6 mA/cm 2 ) and subsequently a slight increase until 56 hours (11.6 mA/cm 2 ) and then they decrease towards the end of the test. This indicates a strong initial attack of the material where the molten salts dissolved the passive layer [10] .
Experimental impedance spectra, for Inconel 600 in NaCl-KCl at different exposure times, are shown in Figure 4 . The magnitude of the impedance decreases continuously with time at all temperatures. All experimental spectra have a depressed semicircular shape in the complex impedance plane, with the center under the real axis. At 700 and 800 ∘ C, one time constant at the beginning of the corrosion process (0 hours) was observed. Furthermore, an additional time constant emerged in the rest of the test. At all temperatures, the diameter of capacitive semicircles decreases as time elapses. Reduction of these capacitive loops denotes both an increase in the corrosion rate and the absence of a passive layer on the alloy surface.
It is known that the magnitude of the impedance module and maximum phase angle is associated with a more capacitive response of the protective oxide. In all cases, the plateau zone at the low frequency region was not defined. This shows that, at all test temperatures, the alloy was not able to develop a stable passive layer and hence it had undergone a continuous corrosion process. This behavior indicates that the corrosion process was under charge transfer from the metal to the electrolyte through the double electrochemical layer.
SEM Analysis.
Although electrochemical methods are extremely useful in studying corrosion processes, they alone do not provide enough information to elucidate the mechanism of the system under study. Therefore, the use of complementary techniques like scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) has been suggested in order to clarify both the morphology of the attack and the chemical composition and distribution of elements present. Combination of these methods provides the information to understand reactions occurring on the surface [19] . Therefore, in this study the cross-section of the working electrodes was studied using SEM and EDS to clarify both the morphology and the elements distribution. Figure 5 shows the cross-section of Inconel 600 corroded at 700 ∘ C and the EDS analysis. It is observed that the alloy was not able to form a Cr 2 O 3 layer on its surface. In this case, the protective oxide had undergone a dissolution process and the dissolution rate was higher than its growing rate. This behavior is consistent with the observations made in the electrochemical measurements. Internal damage was observed indicating that the material degradation was much more severe and this was possibly due to the Cl 2 diffusion which favored its direct reaction with the elements of the alloy. The alloy shows a sponge-like internal area with lots of interconnected voids that formed flow channels so the Cl 2 penetrates into the material, as reported by other authors [13, 20, 21] . The size of the internal damage zone is approximately 200 microns deep. EDS analysis shows an almost total depletion of Cr and Fe and a Ni enrichment in the spongy area. Formation of the spongy area suggests that Cl 2 reacted preferably with Cr and Fe or their oxides to form metallic chlorides in gaseous state which diffuse through the channels and precipitated as non-protective oxides in the corrosion product scale. At 800 ∘ C ( Figure 6 ) the internal damage was greater (>700 microns) than that observed at 700 ∘ C. On the surface of the alloy, the presence of a nonadherent thick Crrich layer is observed and below it there is a thin Ni-rich layer. Internal damage observed at 900 ∘ C was minor (≈500 microns) than that observed at 800 ∘ C ( Figure 7) . Similarly to at 700 and 800
∘ C, this area shows a depletion of Cr and Fe and Ni enrichment. At 900 ∘ C a thicker Cr-rich layer (≈80 micron) with porous appearance is observed. Possibly the formation of this layer limited the diffusion of aggressive species and thereby internal degradation was less than that observed at 800 ∘ C. Despite the fact that has been reported that Ni-based alloys have excellent performance in chlorides rich environments [12, 22, 23] , it can be said that the internal damage observed in Inconel 600 in molten NaCl-KCl is due to the high Fe content in this alloy. Studies with Ni20Cr coatings in Cl-rich molten salts do not show any internal damage such as that observed here [13, 14] . The corrosion resistance of Inconel 600 is due to the growth of a protective layer of Cr 2 O 3 on its surface. However, according to the results obtained, the alloy was not able to grow a stable passive layer. It has been reported that the presence of Cr is responsible for the low corrosion resistance of materials in chloride salts and oxidizing environments. This is explained because chromium oxide is more soluble than both oxides of iron and nickel in molten NaCl-KCl [15] . The Ni-enrichment in the spongy zone shows that both Cr and Fe were the main elements that reacted with the molten NaCl-KCl salts. Therefore, the reactions that resulted in the degradation of Inconel 600 are
These reactions suggest that metallic oxides are converted into metallic chloride in environments with low oxygen partial pressure; that is, this can only occur at the interface metal-molten salt or in the spongy area observed in Figures  5-7 . The metallic chlorides have high vapor pressures and can move easily toward regions with higher oxygen partial pressure where the reverse reaction is favored; that is, metallic chlorides are oxidized to form nonprotective metallic oxides. The oxide layer thus formed is porous and nonprotective so that the corrosion rate is increased. The appearance shown by the SEM micrographs indicates that the magnitude of the attack is greater than that assumed by the electrochemical measurements. This can occur when there are gaseous species that can diffuse to regions like the spongy zone where molten salts cannot do it easily. Then it is possible that in addition to reactions between molten salt and the protective oxides, there were reactions with gaseous species, such as Cl 2 , and the alloying elements, as follows [22, 23] :
These reactions may justify the inconsistencies resulting from electrochemical measurements and the actual damage observed by SEM. Similar reactions can occur with the Ni oxides to form NiCl 2 . However, it is known that NiCl 2 has a higher thermodynamic stability and a lower vapor pressure compared with iron and chromium chlorides at the same temperature. On the other hand, the solubility measurements of oxide scales in Cl-rich molten salts show that NiO is less soluble than the Fe and Cr oxides [24] . The corrosion results described above imply clearly that a high Ni content is very effective in improving the corrosion resistance of Inconel 600 in NaCl-KCl melt while Cr plays a detrimental role under the same conditions. This is explained because the breakdown of the protective oxide can occur by dissolution into the molten salts and the degradation rate can be fast if the oxide has a high solubility.
Considering that Cl 2 and O 2 are the main species of the NaCl-KCl-air system that contribute to the degradation of materials in waste incinerators environments, the construction of phase stability diagrams of these species with the main elements of the alloy is a useful tool for understanding the corrosion behavior at high temperature in this environment. Figure 8 shows the phase stability diagrams for the FeCr-Ni-Cl-O system at 700, 800, and 900 ∘ C. The procedure to generate the diagrams is described elsewhere [25] . Table 2 shows the set of chemical reactions used for their calculation.
Regarding the metallic elements that constitute the Inconel 600, it is observed that from a thermodynamic perspective Ni is the most stable element. Therefore, Ni will remain immune in O 2 and Cl 2 environments where the Fe and Cr would be corroding continuously. Therefore, in environments found in garbage incinerators in the temperature of 700-900 ∘ C, the Ni-rich alloys will show better performance compared with those richer in Fe or Cr. This analysis is consistent with reported studies where they indicate that Ni or its alloys show better performance in chlorides-rich environments compared with Fe and Cr or their alloys [22] . However, according to Li et al. [7] , despite the fact that Cr 2 O 3 is very stable at very low O 2 partial pressures, the partial pressure of Cl 2 can increase significantly in the oxide-melt interface so that the metallic chlorides can become stable phases instead of the oxides. Moreover, they suggest that because the vapor pressure of chlorides is too high, they diffuse toward the meltgas interface and can precipitate as nonprotective oxides; repeating this cycle leads to a process defined as "active oxidation. " This analysis justifies the depletion in Fe and Cr and the Ni-enrichment observed in the alloy.
Conclusions
The corrosion resistance of Inconel 600 in NaCl-KCl at 700 ∘ C, 800 ∘ C, and 900 ∘ C was studied by electrochemical techniques an SEM and EDS analysis. Corrosive attack was documented by SEM and EDX analysis. Polarization plots showed that corrosion rate ( corr ) increases with temperature. In a time base of 100 h, corrosion rate of Inconel 600 remains steady at 700 ∘ C but increases at 800 and 900 ∘ C. With electrochemical impedance measurements, SEM and EDS analysis showed that increase of corrosion rate of Inconel 600 at 800 ∘ C and 900 ∘ C was due to the absence of a passive layer on the alloy and the formation of an internal zone with voids and depleted in Cr and Fe. Analysis of the thermodynamic stability diagrams for Fe-Cr-Ni-Cl-O at 700 ∘ C, 800 ∘ C, and 900 ∘ C supports the fact that Ni remains immune and Fe and Cr will dissolve continuously in melt NaCl-KCl environments. Results described indicate that both Cr and Fe content of Inconel 600 play a detrimental role in molten NaCl-KCl environments at high temperature. The internal degradation experienced by the alloy was due to the preferential attack of chromium and iron oxides and to the direct reaction of Cl 2 with the alloying elements. The lower thermodynamic stability of iron and chromium chlorides contributed to the catastrophic attack of Inconel 600.
